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ABSTRACT
We present optical imaging and spectroscopy of supernova (SN) LSQ13fn, a type II supernova with several hitherto-unseen properties.
Although it initially showed strong symmetric spectral emission features attributable to He ii, N iii, and C iii, reminiscent of some
interacting SNe, it transitioned into an object that would fall more naturally under a type II-Plateau (IIP) classification. However, its
spectral evolution revealed several unusual properties: metal lines appeared later than expected, were weak, and some species were
conspicuous by their absence. Furthermore, the line velocities were found to be lower than expected given the plateau brightness,
breaking the SN IIP standardised candle method for distance estimates. We found that, in combination with a short phase of early-time
ejecta-circumstellar material interaction, metal-poor ejecta, and a large progenitor radius could reasonably account for the observed
behaviour. Comparisons with synthetic model spectra of SNe IIP of a given progenitor mass would imply a progenitor star metallicity
as low as 0.1 Z. LSQ13fn highlights the diversity of SNe II and the many competing physical effects that come into play towards the
final stages of massive star evolution immediately preceding core-collapse.
Key words. supernovae: general – supernovae: individual: LSQ13fn
1. Introduction
The current generation of transient surveys have led to the dis-
covery of thousands of supernova (SN) candidates per year, with
several hundred of these being spectroscopically classified (Gal-
Yam et al. 2013). This has allowed studies of sizeable samples
of objects, enabling general trends in observed properties to be
identified. Nevertheless, studies of individual SNe continue to
retain a principal role in the literature, especially when they are
distinguished by some combination of proximity and peculiarity.
Indeed, many of these have served to both confirm and challenge
currently accepted paradigms (e.g. Arnett et al. 1989; Nugent
et al. 2011; Fraser et al. 2015, for SN 1987A, SN 2011fe, and
SN 2009ip, to name but a few).
The current SN spectroscopic classification scheme rightly
seeks to identify only the most salient features in an optical spec-
trum, resulting in a generic breakdown of objects that do (type
? E-mail: jpolshaw01@qub.ac.uk
II) and those that do not (type I) show features attributable to hy-
drogen (Minkowski 1941; Oke & Searle 1974; Filippenko 1997).
Further divisions are based on the presence or absence of helium
in combination with the strength of features such as Si ii. A fur-
ther spectroscopic distinction is made if symmetric narrow lines
(. few 100s km s−1; ‘n’ subtype) are present (Schlegel 1990).
These narrow lines arise from dense circumstellar material in the
vicinity of the progenitor prior to explosion. Two additional clas-
sifications of SNe II, based on light curve behaviour alone, are
also possible – these are the "II-Plateau (P)" and "II-Linear (L)"
varieties that describe the evolution of the lightcurve in the op-
tical bands, at epochs past peak brightness (Barbon et al. 1979).
The photometric and spectroscopic classifications are not mu-
tually exclusive; if anything, they can be restrictive when de-
scribing objects that morph into other subtypes, or display other
peculiarities. While this system has worked relatively well, the
larger volumes surveyed these days continue to yield an ever-
Article number, page 1 of 17
ar
X
iv
:1
51
1.
01
71
8v
2 
 [a
str
o-
ph
.H
E]
  1
0 M
ar 
20
16
A&A proofs: manuscript no. LSQ13fn_AA
1
2
3
4
5
6
7
8
9
LSQ13fn
N
E1'
NTT R-band, 5.7 d
5"
Fig. 1: NTT R band image of LSQ13fn, taken at 5.7 d after max-
imum light. The position of the SN is marked by red dashes, at
the coordinates α=11:51:17.29, δ=−29:36:41.1 (J2000), 4′′.26 W
and 4′′.68 S of the nucleus of the host galaxy. The sequence stars
used for photometric calibration are indicated by numbers (Ta-
bles A.3 and A.4). The inset shows a zoom-in of the region of the
SN. The size of the zoomed-in region is shown by a 16′′ × 16′′
blue box. The cyan lines show the range in slit positions during
epochs when the host galaxy was included in the slit.
increasing number of peculiar events that transcend the tradi-
tional classification boundaries.
The observational diversity of SNe arising from massive
stars (&8 M) is well-documented. However, not only are
SNe IIP arguably the most homogeneous subgroup, they are
also the most common type of core-collapse SN, accounting for
∼50% of the volume-limited sample presented in Li et al. (2011).
Nevertheless, it is important to bear in mind that SNe IIP do
display a range of plateau lengths, luminosities, expansion ve-
locities, and post-plateau decline rates. These variations can be
relatively well-understood within the framework of current mod-
els (e.g. Kasen & Woosley 2009; Dessart et al. 2010). There-
fore, deviations from this observed and expected behaviour are
all the more striking. Hamuy (2003) considered a sample of 24
SNe IIP and attempted to identify trends in physical properties
such as the ejected mass, progenitor radius, and explosion en-
ergy. More recent studies are based on generally larger samples
of SNe IIP/L that are constructed using particular properties e.g.
those that explore the post-peak (e.g., Anderson et al. 2014b,
Sanders et al. 2015) and pre-peak (Gall et al. 2015; González-
Gaitán et al. 2015) behaviour. Many of these seem to be in broad
agreement with the findings of Hamuy (2003), in that the param-
eter space of physical properties occupied by SNe IIP/L appears
to be a continuous distribution, but other studies favour a clearer
division between the two subtypes (e.g. Arcavi et al. 2012; Faran
et al. 2014).
In this study, we present optical observations of SN
LSQ13fn, which exhibits properties characteristic of SNe IIP,
but is catapulted into a regime of parameter space that has previ-
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Fig. 2: Top: 2D spectrum of LSQ13fn, taken with the
NTT+EFOSC2 at 24.4 d. The host galaxy was fortuitously also
included in the slit. Bottom: The extraction of the host galaxy
spectrum shown in the top panel, with detected emission lines
marked. The wavelength scale is aligned with the 2D spectrum.
The spectrum has been corrected for Milky Way reddening only.
ously remained unoccupied by the SN IIP population by virtue
of its combination of peculiarities. We discuss several scenarios
and attempt to arrive at plausible conclusions concerning both
the observed properties, and the nature of the progenitor itself.
The paper is organized into relatively self-contained sections as
follows: in §2 we give details of the discovery, followup cam-
paign and data reduction. In §3 we discuss the light curves. §4
includes an analysis of the spectroscopy and comparisons with
previous SNe. In §5 we highlight and discuss the peculiar fea-
tures of LSQ13fn. In §6 we compare the spectra with radiative
transfer models, and a final discussion and conclusions can be
found in §7.
2. Data acquisition and reduction
2.1. Discovery, redshift, and environment
LSQ13fn was discovered by the La Silla-QUEST Variability
Survey (LSQ; Baltay et al. 2013) on 2013 Jan. 10.2 UT. It was
classified by the Public ESO Spectroscopic Survey of Transient
Objects (PESSTO; Smartt et al. 2015) as a narrow-lined SN
(type IIn), based on its apparent similarity to the prototypical
SN IIn, 1998S (Sollerman et al. 2013). The target was identified
by PESSTO as a scientifically interesting object for follow-up
and a monitoring campaign was initiated. Our follow-up imag-
ing and spectroscopic data revealed it to be of the SN IIP variety
(see §3, 4). As the last non-detection of the object in LSQ im-
ages was on 2012 Dec. 23.3, 17.9 days prior to the discovery,
it is not possible to precisely constrain the explosion epoch. The
time of peak magnitude in the V band occurred on 2013 Jan. 14.2
(MJD 56306.2). In what follows, we refer to this as day 0, and
all relative epochs are in the rest frame of the SN.
The edge of the presumed host galaxy (GALEXASC
J115117.64-293638.0; Fig. 1) was fortuitously included in the
slit during six of the ten spectroscopic epochs. The range in slit
position angles used among the epochs was between ∼75−90◦
(subtended from N to E), and the galaxy spectrum was located
on average ∼5′′ (or at a projected distance of 6.4 kpc) from
the SN and ∼ 3′′.9 (or 4.9 kpc) from the galaxy nucleus. Sev-
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eral narrow emission lines were apparent in the galaxy spec-
trum that could easily be identified (see Fig. 2). We used these
lines to calculate a redshift of z = 0.063 ± 0.001 by measur-
ing the central wavelengths and averaging over each epoch. This
redshift corresponds to a distance modulus of µ = 37.1 ± 0.1
mag (d = 264 Mpc), with H0 = 75 km s−1 Mpc−1, ΩM = 0.27
and ΩΛ = 0.73, and is completely consistent with that derived
from the SN classification spectrum (z = 0.064; Sollerman et al.
2013). We estimated the oxygen abundance of the host galaxy
spectra using the N2 calibration of Pettini & Pagel (2004). The
calibration is based on the flux ratio of emission lines that are
close in wavelength: [N ii] λ6583 and Hα λ6563 – thus the sensi-
tivity to precise flux calibration and extinction is much reduced.
Taking the mean over all six extracted spectra results in an oxy-
gen abundance of 12 + log(O/H) = 8.6 ± 0.2, which is close to
the solar value (Z = 8.69; Asplund et al. 2009).
2.2. Data reduction: imaging
We carried out an optical photometric followup campaign us-
ing a number of different facilities: the 3.58m New Technol-
ogy Telescope + EFOSC2 (NTT; U#640, B#639, V#641, R#642,
i#705 filters), the 2m Liverpool Telescope + RATCam (LT,
BVg′r′i′z′ filters) and the 1.3m Small and Moderate Aperture
Research Telescope System + ANDICAM (SMARTS, oper-
ated by the SMARTS Consortium; BVRI filters). The NTT, LT,
and SMARTS images were reduced using standard procedures
within custom pipelines, and, when necessary, cosmic rays were
removed using the lacosmic algorithm (van Dokkum 2001). We
also present both pre- and early post-explosion data from LSQ.
A log of the optical imaging is given in Tables A.1 and A.2.
Due to the background at the location of the SN it was dif-
ficult to perform precise photometry when the source was faint
and during conditions of poor seeing. For this reason, we gath-
ered template images to subtract from our followup images and
facilitate the measurements. The template images were obtained
on 2014 Jan. 8 (NTT B#639, V#641, R#642, i#705 filters, also
used with SMARTS data), 2014 Jan. 29 (LT g′z′ filters) and 2014
Feb. 8 (LT r′i′ filters). The SN was not detected in any of the im-
ages (NTT: mB > 23.6 mag, mV > 23.9 mag, mR > 23.8 mag,
mi > 23.1 mag; LT: mg > 22.2 mag, mr > 22.4 mag, mi >
22.0 mag, mz > 20.6 mag). For the LSQ data, we stacked all
available pre-explosion images to create the template. The tem-
plates were aligned to each followup image using the iraf1 tasks
geomap and geotran, and then convolved to and subtracted from
each image using hotpants2. We did not obtain template images
in the U band.
Photometric zero points and colour terms were determined
on all photometric nights using standard stars to calibrate a lo-
cal sequence of stars to both the Johnson-Cousins (UBVRI) and
SDSS3 (griz) systems. These stars are labelled in Fig. 1 and their
magnitudes are given in Tables A.3 and A.4, respectively. The
LSQ images were taken using the ESO 1.0m Schmidt Telescope
with a wideband filter (Baltay et al. 2013), and we calibrated the
magnitude of the SN to the V band. It was not possible to apply
a colour transformation because there are no available images
1 Image Reduction and Analysis Facility, distributed by the National
Optical Astronomy Observatories, which are operated by the Associa-
tion of Universities for Research in Astronomy, Inc, under contract to
the National Science Foundation.
2 http://www.astro.washington.edu/users/becker/
hotpants.html
3 www.sdss3.org
with other filters, however it is likely that the large uncertainties
of the LSQ magnitudes are greater than the differences a colour
transformation would make.
Point-spread function (PSF) fitting differential photometry
was carried out on all images using the custom built SNOoPY4
package within iraf. The uncertainties of the PSF fitting were es-
timated by performing artificial star experiments. Artificial stars
of the same magnitude as the SN were placed at several posi-
tions around the SN. The standard deviation of their magnitudes
was combined in quadrature with the zero point to give the final
photometric uncertainties.
At 121 and 122 d, the SN was not detected in the images. We
determined the limiting magnitudes of the images by creating
a PSF from nearby stars and adding it to the position of the SN.
The magnitude was decreased until it was no longer detectable to
3σ; the faintest detection was taken to be the limiting magnitude.
The same technique was applied to the pre-explosion LSQ image
at −20 d.
In addition to the optical photometry, a single epoch of near-
infrared (NIR) photometry was obtained with the NTT + SOFI
and the JHKs filters on +23.7 d. These images were reduced us-
ing standard techniques, and the magnitudes were determined
via PSF fitting and calibrated using the 2MASS (JHK) cata-
logue (Skrutskie et al. 2006). The resulting apparent magnitudes
are J = 19.35 ± 0.16, H = 19.28 ± 0.16 and K = 19.13 ± 0.46.
2.3. Data reduction: spectroscopy
We obtained a series of 10 optical long-slit spectra of LSQ13fn
spanning −0.9 to +328.4 d with respect to the V band maximum.
The details of the telescopes and instrument configurations are
listed in Table A.5. All NTT spectra were reduced using the
PESSTO pipeline as described in Smartt et al. (2015). Briefly,
the spectroscopic frames were reduced in a standard fashion,
including bias subtraction, flat field correction (which removed
the fringe pattern in Gr#16 data), and wavelength calibration via
arc lamps. The wavelength calibration was checked by measur-
ing the the central wavelength of the [O i] λ5577 sky emission
line and corrected when necessary. Relative flux calibration was
achieved by taking spectra of spectrophotometric standard stars
with an identical configuration. The NTT spectra were addition-
ally corrected for telluric absorption via a model spectrum of the
telluric bands, again as described in Smartt et al. (2015). The
WHT and VLT spectra were reduced within the iraf environ-
ment. In order to account for slit-losses, we used the available
photometry to interpolate to the epochs of spectroscopy and de-
rive appropriate scaling factors to apply to the spectra.
All reduced PESSTO EFOSC2 spectra and the SOFI imag-
ing data are available from the ESO Science Archive Facility as
Phase 3 data products. Details on how to access these data are
available on the PESSTO website5. The reduced and astromet-
rically calibrated EFOSC2 images are also available from the
PESSTO website. All spectra, including the WHT and VLT data
are also publicly available on WISeREP6.
4 SuperNOva PhotometrY, a package for SN photometry implemented
in IRAF by E. Cappellaro; http://sngroup.oapd.inaf.it/snoopy.html
5 www.pessto.org
6 http://www.weizmann.ac.il/astrophysics/wiserep/
(Yaron & Gal-Yam 2012)
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2.4. Reddening
The Galactic reddening in the direction of LSQ13fn is E(B−V) =
0.0538 mag (Schlafly & Finkbeiner 2011). A technique fre-
quently used to estimate host galaxy extinction for SNe is mea-
suring the equivalent width of the narrow interstellar absorption
lines due to Na i D (Turatto et al. 2003; Poznanski et al. 2012).
Throughout the evolution of LSQ13fn, we do not detect narrow
Na i D lines in the spectra at the redshift of the host galaxy (see
§4.1 and inset of Fig. 4b), implying a low host galaxy redden-
ing. We note that the relation between narrow Na i D absorption
and reddening has significant scatter and has been shown to be
unreliable for use with low-resolution spectra (Poznanski et al.
2011). Other circumstantial evidence to support low host galaxy
reddening comes from the location of LSQ13fn at a projected
distance of ∼8 kpc from the nucleus of the host galaxy, and from
a consideration of our earliest spectra (Fig. 4a) which shows a
steeply rising blue continuum. By artificially increasing the red-
dening and attempting blackbody fits to the spectrum, a limit
of E(B − V) . 0.2 mag was found, assuming RV=3.1, at which
point the blackbody temperature exceeds ∼ 77 kK. Therefore,
we treat the host galaxy reddening as negligible and correct only
for Galactic reddening.
3. Light curves and colour evolution
The photometry of LSQ13fn is given in Tables A.1 and A.2, and
the multi-band light curves are shown in Fig. 3a.
The V band reached a peak magnitude of 19.30 ± 0.18 mag
(corresponding to MV = −17.95 ± 0.21 mag, including the un-
certainty of the distance modulus) at 3.8 d after discovery. After
the initial rise, the V , R/r, I/i, and z bands declined slowly, at
rates of < 1 mag 100 d−1, while the g and B bands declined more
rapidly, at rates of ∼ 1.4 and ∼ 2.5 mag 100 d−1, respectively. We
measured a decline of 0.28 mag in the R band from peak to 50 d.
These decline rates are consistent with various classification cri-
teria commonly used for SNe IIP. For example, Patat et al. (1994)
suggested that the decline of the B band should be less than 3.5
mag per 100 d on the plateau, while Li et al. (2011), based on
a large and homogeneous volume-limited sample including both
SNe IIP and IIL, suggested the R band decline should be no more
than 0.5 mag during the first 50 days, both of which are satisfied
by LSQ13fn.
Between 103 and 121 d, the r and i bands declined by more
than 1.9 and 2.1 mag respectively. We interpret this decline to
be the end of the photospheric phase. The resulting duration of
the plateau of LSQ13fn can be inferred to be 112 ± 9 d. This
is within the range typically observed in SNe IIP (e.g. Fig. 5
of Hamuy 2003), although somewhat longer than the average of
80–90 days (Anderson et al. 2014b).
The B − V and V − I colour evolution of LSQ13fn is shown
in Figs. 3b and 3c, along with a number of SNe IIP for compar-
ison (see Table A.6 for details and references for each SN). Our
choice of comparison SNe is motivated simply by a combination
of apparent photometric and/or spectroscopic similarities. The
B − V colour of LSQ13fn is similar to SN 2004et for the initial
∼20 d. Between ∼20 and 60 d, the B − V colour is marginally
more blue than the comparison SNe IIP, however LSQ13fn has
a similar B − V to the bluer SNe IIP such as SN 2004et after
∼60 d. The same overall behaviour is seen in the V − I colour,
with LSQ13fn being marginally bluer than the comparison SNe,
although the errorbars are relatively large.
The pseudo-bolometric light curves of LSQ13fn and com-
parison SNe are shown in Fig. 3d. Each light curve was com-
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Fig. 3: Panel (a): Lightcurves of LSQ13fn, corrected for Galac-
tic reddening of E(B − V) = 0.0538 mag, using R(V) = 3.1
and the extinction law of ?. The absolute magnitude scale was
determined by applying the distance modulus (µ = 37.1 mag).
Downward pointing arrows indicate limiting magnitudes. Ver-
tical grey dashed lines represent the epochs of the presented
spectra of LSQ13fn, while the bold vertical dashed line marks
a discontinuity in the x-axis scale. Panel (b): B − V colours
of LSQ13fn and comparison SNe. Panel (c): V − I colours of
LSQ13fn and comparison SNe. For LSQ13fn, a combination
of the V − I and V − i colours is shown. Panel (d): Pseudo-
bolometric light curves of LSQ13fn and comparison SNe. No
bolometric correction has been attempted. The Mbol axis was de-
termined assuming Mbol, = 4.83 mag and L = 3.846×1033 erg
s−1.
puted by converting the broad-band magnitudes to flux, after cor-
recting for reddening. The resulting SED was integrated over all
wavelengths, assuming a zero flux level at the limits of the in-
tegration. Flux was then converted into luminosity according to
the distance. For epochs during which magnitudes of a particular
band were missing, a simple interpolation was performed using
a low order polynomial. Since the coverage of the U, z, J, H,
and K bands of LSQ13fn are very sparse, only the BVRI and
gri bands were used in the calculations to allow for a fair com-
parison between the SNe. The pseudo-bolometric light curve of
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LSQ13fn is most similar to that of SN 2004et during the plateau
phase, and has a very similar shape to the other SNe IIP.
As mentioned previously (§2.1), the similarities in the pre-
maximum spectra of LSQ13fn and SN 1998S led to a type IIn
classification for LSQ13fn (Sollerman et al. 2013). In order to
assess the presence of interaction with circumstellar material
(CSM) in LSQ13fn, we show the colour evolution and pseudo-
bolometric light curves of SN 1998S, a prototypical SN IIn, and
SN 2007pk, a SN II with clear signs of CSM interaction at early
epochs (Pritchard et al. 2012; Inserra et al. 2013). The B − V
colour evolution of SN 1998S is only initially similar to that of
LSQ13fn, and remains bluer than all other objects shown in Fig.
3b throughout its evolution, while the colours of SN 2007pk are
similar to the other SNe IIP. The pseudo-bolometric light curve
of SN 1998S bears little similarity to LSQ13fn and other SNe
IIP, while that of SN 2007pk is both more luminous and more
rapidly declining than that of LSQ13fn. Furthermore, as will be
discussed in detail in §4, the spectral evolution of LSQ13fn after
∼ 25 days differs from SN 1998S and SN 2007pk.
Thus, despite the initial classification of LSQ13fn as a type
IIn, the overwhelming evidence from the light curves points to-
wards a classification of type IIP. Nevertheless, it exhibits a bluer
colour than other SNe IIP up to epochs close to the end of the
plateau phase. We will return to these points in §4.3.
In principle, it is possible to estimate the mass of 56Ni
synthesised in SNe by comparing the decline of the late-time
light curve (after ∼200 d) with that of a SN with a known 56Ni
mass. Although our imaging of LSQ13fn does not extend to the
late-time tail phase, we did obtain a spectrum at 328.4 d (see
§4). From the spectrum, we measured a synthetic magnitude of
R ∼ 25.0 mag using the sms code (Synthetic Magnitudes from
Spectra) within the S3 package (Inserra et al. in prep.). If we as-
sume that the late-time light curve of LSQ13fn is powered by
radioactive decay, we can estimate the 56Ni mass by comparing
the luminosity with that of SN 1987A at the same epoch, assum-
ing that the fraction of trapped γ-rays is similar. Using a 56Ni
mass of 0.073 M for SN 1987A (weighted mean of Arnett & Fu
1989 and Bouchet et al. 1991) results in a M(56Ni) ∼ 0.02 M for
LSQ13fn. We have used the magnitude of SN 1987A at 335 d af-
ter explosion assuming a rise-time for LSQ13fn of 7 d (see §4.4).
We emphasise that this value is based on only the R band lumi-
nosity, rather than the bolometric luminosity, and the calculation
depends on several assumptions. Therefore it is only indicative
and should be treated with caution. For comparison, the value is
similar to that of SN 1999em (0.02 M; Elmhamdi et al. 2003)
and greater than that of the sub-luminous SN 2005cs (0.003 M;
Pastorello et al. 2009), and is therefore within the range broadly
expected for SNe IIP.
4. Spectroscopy and analysis
In this section, we first discuss each stage of the spectroscopic
evolution of LSQ13fn (Fig. 4a), followed by an examination of
various peculiarities, including comparisons with other SNe.
4.1. Spectroscopic evolution
The spectrum of LSQ13fn at −0.9 d, obtained just two days after
discovery, consists of a blue continuum with a series of strong
emission features. A least-squares fit of a blackbody function to
the photometry results in a temperature of ∼ 20000 K. The rest
wavelengths of some of the features are consistent with the H
Balmer series at rest. The most striking feature in this spectrum
however, lies at ∼4660 Å, and can be identified as a blend of
N iii λ4640, C iii λ4648 and He ii λ4542 and λ4686. We obtain
convincing fits to this feature (see inset in Fig. 4a) using three
Gaussian profiles after subtracting the continuum, fixing the cen-
troids to 4542 Å, 4644 Å7 and 4686 Å, with FWHM velocities
between 4000 and 5000 km s−1, allowing us to conclude that the
lines are consistent with being at rest. As an alternative to Gaus-
sian functions, we found that a combination of Lorentzian pro-
files provide a reasonable fit to the feature. However the presence
of many blended lines and the insufficient S/N of the spectrum
make it difficult to assign a firm preference for one or the other
profile functions. We note that the flux of the N iii / C iii blend
is similar to that of He ii λ4686, while He ii λ4542 is compara-
tively weak. The features with wavelengths consistent with Hα,
Hβ, and Hγ are symmetric, are consistent with being at rest and
have Gaussian FWHM velocities of ∼3500 km s−1. However, the
shape, strength and width of Hδ (FWHM ∼5400 km s−1) is sug-
gestive of a contribution by N iii λλ4098, 4103, lending credence
to the identification of N iii λ4640. A possible identification for
the emission feature seen at ∼3752 Å is a blend of O iii λλ3744,
3755, 3757, and 3760. A Gaussian fit to this feature provides a
reasonable match with a FWHM ∼5800 km s−1.
The admittedly low signal-to-noise spectrum of LSQ13fn at
7.6 d consists of an essentially featureless blue continuum at a
temperature of ∼14200 K, based on a blackbody fit to the pho-
tometry at this epoch. The emission features – with the possi-
ble exception of the feature at Hα – visible in the pre-maximum
spectrum have disappeared. In Fig. 4a, we show a binned ver-
sion of the original spectrum, overlaid on the original data. The
disappearance of the highly ionised N iii, C iii, and He ii lines is
likely due to the decrease in temperature by roughly a factor of
two compared to the previous epoch.
By 24.4 d, the spectrum remains blue, and the Balmer lines
exhibit P Cygni profiles that are dominated by the emission com-
ponent. We note that the emission peak of the Hα and Hβ lines
are blue-shifted by ∼600 km s−1 from the rest velocity; while this
is relatively low, it lies within the range observed in samples of
SNe II (e.g. Anderson et al. 2014a). Weak Ca ii H&K absorption
is also evident, but no other features are apparent in this spec-
trum. Due to the presence of strong He ii in the −0.9 d spectrum
it is inevitable that He i should be present at some point. How-
ever we do not detect He i here or in the subsequent evolution,
and conclude that it must have been missed or buried beneath
the noise in the relatively low signal-to-noise spectra at 7.6 d and
24.4 d.
By the time of the mid-plateau in the light curve (45.0 to
76.2 d spectra), the spectra of LSQ13fn have cooled further
(blackbody temperature ∼6000 K), becoming more depressed in
the blue in comparison to the 24.4 d spectrum. The spectra now
consist of clear P Cygni profiles of the Balmer lines, Fe ii features
at < 5200 Å and Ca ii H&K. We also detect weak O i λ7774 and
the near-IR Ca ii triplet. Fig. 4b shows a close-up of our highest
signal-to-noise spectrum with the most prominent lines marked.
The spectra are similar to what is expected of SNe IIP during
the photospheric phase, supporting our classification of the SN
as discussed in §3. However we note there are some significant
differences, for example the lack of lines such as Sc ii, Ba ii, and
Na i D between ∼5200−6500 Å which are usually observed in
SNe IIP during this phase (this is discussed further in §4.3). By
90 d, there has been relatively little evolution in the spectrum;
7 This centroid wavelength was chosen since it is roughly between the
N iii λ4640 and C iii λ4648 blends, which we are unable to resolve with
the 17.7 Å resolution of this spectrum.
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Fig. 4: Panel (a): Sequence of optical spectra of LSQ13fn. The spectra have been corrected for reddening and redshift of the host
galaxy. The epochs are in the rest frame of the SN. The 7.6 d, 71.3 d and 328.4 d spectra are shown in light grey, with binned
versions in black. The ⊕ symbol indicates the position of significant telluric absorption. The red curves are blackbody fits to the
UBVRi photometry at coeval epochs (the purple points) for the −0.9 d and 7.6 d spectra. The inset shows a fit of three Gaussian
profiles to the He ii / C iii / N iii feature of the continuum subtracted spectrum of LSQ13fn at −0.9 d. Panel (b): The spectrum of
58.3 d with the strongest lines identified. The purple points show the BVRIz photometry from a nearly coeval epoch. The inset shows
a zoom-in of the −0.9 d spectrum in the region of Na i D with the rest wavelengths (λλ5890, 5896) marked by vertical red lines.
however, a very weak line, most likely due to Na i D, is now
visible. This line has a similar width to the other metal lines,
and is not due to interstellar absorption. Note that the feature at
∼ 5250 Å, visible in the 76.2 d and 90.3 d spectra is not real.
The final spectrum, in the nebular phase at 328 d, is feature-
less with the exception of Hα in emission which has a FWHM
velocity of ∼3000 km s−1. This suggests that it originates from
the SN rather than an underlying source such as an H ii re-
gion. We have no explanation for the lack of both the [O i]
λλ6300,6364 and [Ca ii] features which we would expect to be
present at this epoch in spectra of SNe IIP.
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Fig. 5: Comparison of spectra of LSQ13fn with some SNe that show the N iii/C iii/He ii feature. ?, in the case of SN 1983K, were the
first to report these lines in a SN spectrum. All spectra have been corrected for reddening and recession velocity. The epochs refer to
the number of days since peak magnitude. The spectra of the comparison SNe have been scaled in flux to match the continuum level
of the LSQ13fn spectra at approximately 7000 Å, and then offset by arbitrary constants, thus allowing direct comparisons between
spectra. Panel (a): Pre-maximum spectra of LSQ13fn and SNe that show the N iii/C iii/He ii feature. Panel (b): Same as panel (a),
but with the continuum subtracted from each spectrum. The spectrum of SN 1998S has been convolved with a Gaussian to match the
resolution of the LSQ13fn spectrum and aligned in flux. Panel (c): Spectra at epochs close to peak brightness. Panel (d): Spectra
at >1 month after peak brightness, showing the diversity in the underlying spectral type, in contrast to early-time similarities.
4.2. The early-time spectra
The N iii/C iii/He ii blend in the pre-maximum (−0.9 d) spectrum
of LSQ13fn has previously been observed in a handful of SNe
(Fig. 5a)8, although it is by no means commonplace9. In order to
facilitate the comparison between the SNe, low order polynomial
fits to the continuum were subtracted from their spectra (Fig. 5b).
The −0.9 d spectrum of LSQ13fn is remarkably similar to that
of SN 1998S at −11 d, with matching features in both strength
and velocity, which underscores the original classification even
though narrow lines were not evident.
8 Table A.6 lists the details and references for each SN
9 This may well be an observational bias due to the fact that it is chal-
lenging to obtain very early time spectroscopy, and the opposite may in
fact be the case. This would not be particularly surprising given the role
of mass loss in massive star evolution.
Fig. 5c shows the subsequent evolution of the SNe shown in
Fig. 5a on timescales of about a week from the earliest epochs.
All objects show a blue, nearly featureless continuum. As shown
in Fig. 5d, the subsequent evolution of these SNe is far from ho-
mogeneous, as expected from their respective classifications that
include both hydrogen-rich and hydrogen-poor core-collapse SN
types.
Given that all massive stars are likely to have some CSM in
their vicinity at the time of explosion, we suggest that a likely
scenario is one where the high temperatures required to gener-
ate the high ionisation lines (N iii, C iii, and He ii) may be caused
by a large flux of hard photons produced either during the UV
flash after shock breakout, or interaction of the SN ejecta with a
dense CSM of variable location and extent. As demonstrated re-
cently by Groh (2014) for the case of SN 2013cu (type IIb), the
high ionisation features arise from the ionisation of the CSM.
Thus, we may expect to see such features in spectra taken soon
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Fig. 6: Panel (a): Comparison of spectra of LSQ13fn during the plateau phase with SNe IIP. All spectra have been corrected for
reddening and recession velocity. The epochs refer to the number of days since peak magnitude. From top to bottom, they are ordered
in terms of decreasing R band absolute magnitude at 50 d. Inset (a) shows a zoom-in of SN LSQ13fn, SN 1999br, SN 1999em, and
SN 2009bw. The rest wavelengths of the strongest Fe ii lines and Hβ are indicated by the vertical dashed lines. Inset (b) shows a
zoom-in of the weak Na i D line detected in the 90.3 d spectrum of LSQ13fn. A spectrum of SN 2004et at a similar epoch is included
for comparison, which has been scaled. Panel (b): The same spectra as panel (a), with the flux aligned at ∼ 7000 Å.
after explosion regardless of (core-collapse) SN type. The subse-
quent fading of these features is almost certainly due to cooling
as the SN expands and over-runs the CSM, allowing the ejecta
spectrum to finally emerge at later epochs (Fig. 5). For the spe-
cific cases of LSQ13fn and SN 1998S, the similarity in the ear-
liest spectra does not extend to beyond the earliest spectroscopic
epochs. Indeed, the spectroscopic evolution of SN 1998S shows
signatures of ongoing CSM interaction throughout much of its
evolution (Fassia et al. 2001; Pozzo et al. 2004).
As an aside, we call into question the identification of nar-
row features in the earliest spectra of SN 1998S, SN 2010al,
and SN 2013cu as being exclusively due to hydrogen. Motivated
by the above suggestion regarding the influence of the rapidly
evolving temperature on the appearance of the spectrum, He ii
transitions to the fourth energy level are a likely contribution to
the narrow emission features – usually attributed to the Balmer
series. Indeed, this identification is supported by the clear detec-
tion of a feature at λ5412 that is due to He ii, and belongs to the
same series. This feature is not apparent in the LSQ13fn spec-
trum which may at least partially be attributed to the low signal-
to-noise. A fake feature with the strength and shape matching
that of SN 1998S was added to the spectrum of LSQ13fn, but
was not recovered at the 3σ level, meaning that we cannot rule
out that the feature was present in LSQ13fn but buried beneath
the noise. However, this spectrum was taken at an epoch that is
several days later than the comparison objects, and may there-
fore be further along in its temperature evolution. Last, but not
least, models of the spectra of SN 2013cu (Fig. 2 in Groh 2014,
also see Gräfener & Vink 2015) and SN 1998S (Fig. 6 in Shiv-
vers et al. 2015) bolster our suggestion that the early-time narrow
lines are due to He ii in combination with hydrogen.
4.3. Comparison with SNe IIP during the plateau
Although LSQ13fn is consistent with being classified as a SN IIP
given its light curve and spectroscopic evolution, it does exhibit
a number of peculiarities that are at odds with the garden variety
of SNe IIP. The high ionisation features and early-time colour
evolution were discussed previously; here we focus on compar-
isons of the 45 to 90 d spectra with other SNe IIP.
The highest S/N spectrum of LSQ13fn during this phase is
shown in Fig. 6a along with a selection of SNe IIP. The com-
parison SNe span a range of plateau brightnesses, with R band
absolute magnitudes at 50 days after peak between −14.2 mag
(SN 1999br) and −17.5 mag (LSQ13fn and SN 2004et).
Compared to all other objects, there is a striking lack
of strong absorption in the spectrum of LSQ13fn in the
∼5200−6500 Å range; many strong lines due to Na i D, Ba ii,
Sc ii, and Fe ii are clearly seen in other SNe IIP. This weak-
eness of features in LSQ13fn persists throughout our spectro-
scopic coverage, except for the 90.3 d spectrum, in which a weak
line consistent with Na i D is detected (see inset (b) of Fig. 6a).
All of the comparison SNe shown in Fig. 6a show a strong Na i
D feature comparable in strength to the metal lines at wave-
lengths bluer than . 5200 Å, and therefore the non-detection in
LSQ13fn is very unlikely to be due to the S/N.
Furthermore, although the line profiles of the features present
in LSQ13fn appear to be similar to those in the compari-
son SNe, their strengths are significantly weaker. This is evi-
dent particularly in the metal lines bluewards of ∼5200 Å. In-
set (a) of Fig. 6a shows a zoom-in of the spectra of LSQ13fn
along with SN 1999br, SN 1999em, and SN 2009bw between
4750−5250 Å.
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Fig. 7: Panel (a): Comparison of the expansion velocities of various lines of LSQ13fn as measured from their P Cygni absorption
minima. The uncertainties were estimated by repeating the measurement of the absorption minimum several times across slightly
different wavelength ranges. Panel (b): Comparison of the expansion velocities of LSQ13fn and other SNe II as measured from the
P Cygni absorption minima of Hα.
Fig. 6b shows the same spectra as the left-hand panel, but
aligned in flux at Hα, allowing for an easier inter-comparison of
the overall shape of the spectra. Bluewards of ∼5500 Å there ap-
pears to be greater flux in the continuum of LSQ13fn in compar-
ison to the other SNe. In other words, the continuum of LSQ13fn
is not suppressed in the blue to the same extent as the comparison
SNe. This extra flux in the blue part of the spectra of LSQ13fn is
consistent with the B − V colour evolution (discussed in §3 and
shown in Fig. 3b) and the temperatures according to blackbody
fits of ∼6000 K, which is around 1000 K hotter than typical of
SNe IIP at these epochs. We finally note that the flux of Hα in
emission in LSQ13fn appears to be weak in comparison to the
SNe shown in Fig. 6.
4.4. Expansion velocity
The expansion velocity of the ejecta of SNe can provide infor-
mation on the energetics of the explosion. The evolution of the
Hα, Hβ, Fe ii 4924 Å, Fe ii 5018 Å and Fe ii 5169 Å velocities
of LSQ13fn – as measured from the minimum of the P Cygni
trough – are shown in Fig. 7a. There is a clear decline in the
expansion velocities of Hα and Hβ with time. It is generally
accepted that weak lines with low optical depths such as Sc ii
λ6246 and Fe ii λλ5169, 5018, 5276 are better trackers of the
photospheric velocity than the Balmer lines (Hamuy et al. 2001).
However, the evolution of the Fe ii lines in Fig. 7a appears to be
flat, which is perhaps due in part to the lack of a measurement at
epochs earlier than 45.0 d and the large uncertainties. For these
reasons we have chosen to use Hα as a means of comparing the
expansion velocity of LSQ13fn with other SNe IIP, as shown in
Fig. 7b. The Hα velocities of LSQ13fn are intermediate between
those of SN 2005cs and SN 1999em, and significantly lower than
those of SN 2004et, in spite of the close match in plateau lumi-
nosity with the latter (Fig. 3d). This is somewhat surprising given
the expectation of a positive correlation between the expansion
velocity and plateau luminosity as has been demonstrated for
SNe IIP (Hamuy & Pinto 2002) i.e., the plateau luminosity of
LSQ13fn is too bright considering the photospheric velocity.
In order to explore this further, we apply the standardised
candle relation to LSQ13fn, which is used to infer distances
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Fig. 8: Velocity of the absorption minimum of the Fe ii λ5169
line of LSQ13fn (blue star) against the absolute magnitude in
the I band, both measured at 50 days. The black circles are a
sample of SNe IIP taken from Nugent et al. (2006), while the
red triangles show SN 2002gd and SN 2003Z from Spiro et al.
(2014), and SN 2014bc from Polshaw et al. (2015). The veloc-
ities of SN 2002gd and SN 2003Z were measured from spectra
downloaded from WISeREP and extrapolated to 50 d via equa-
tion 2 of Nugent et al. (2006).
by exploiting the correlation between the expansion velocity of
Fe ii and the plateau luminosity at a fiducial epoch of 50 d post-
explosion (e.g. Hamuy & Pinto 2002; Nugent et al. 2006; Poz-
nanski et al. 2009). From the Fe ii λ5169 line in the 58.3 d spec-
trum, we measure a velocity of vFe ii = 2200± 400 km s−1. Using
equation 2 of Nugent et al. (2006) to extrapolate to 50 d after
explosion, we obtain vFe ii,50d = 2620 ± 480 km s−1. We have as-
sumed a rise-time of 7 d to peak, which appears to be typical
for SNe IIP from the weighted average of the rise-times with
explosion epochs constrained to within ±1 d (Gall et al. 2015;
González-Gaitán et al. 2015). Although the explosion epoch of
LSQ13fn is not tightly constrained (§ 2.1) this uncertainty is sig-
nificantly smaller than that of the velocity measurement itself.
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The velocity and absolute magnitude in the I band of LSQ13fn
at ∼50 d are shown in Fig. 8 along with the sample of Nugent
et al. (2006), taken from their Table 4.
It is clear that LSQ13fn is distinct from the expected cor-
relation. We note that in the unlikely event that the extinc-
tion has been underestimated, LSQ13fn would be pushed even
further from the correlation. This means that the standardised
candle method would yield an incorrect distance estimate to
LSQ13fn: using equation 2 in Hamuy & Pinto (2002) and assum-
ing H0 = 75 km s−1 Mpc−1 we find µ = 35.2 ± 0.6 mag, which
is significantly different to the redshift-based distance modulus
of µ = 37.1 ± 0.1 mag where the redshift was obtained from
the host galaxy spectrum (§2). One of the main advantages of
the standardised candle method as applied to SNe IIP is that the
data requirements are relatively modest with 1 to 2 spectra en-
compassing the mid-point of the plateau, and photometry suffi-
cient to ascertain that the SN is indeed of type IIP. However, in
the absence of multi-band light curves and spectra of reasonable
S/N, and no independent redshift estimates for the host galaxy –
which is often the case in studies of intermediate to high-redshift
SNe – one might have no evidence available to suggest that ob-
jects such as LSQ13fn would deviate from the standardisation.
Although LSQ13fn may be the first object of its kind to dis-
play the above characteristics in the local Universe, it is unclear
what the incidence of such SNe might be at higher redshifts (e.g.
z & 0.1); indeed its relative brightness would almost certainly
ensure its inclusion in searches for SNe IIP (Gall et al. 2015, in
prep.).
5. What makes LSQ13fn peculiar?
In the previous sections we have highlighted the following as-
pects of LSQ13fn that make it peculiar compared to typical
SNe IIP: An excess of flux bluewards of ∼5500 Å; a persistent
lack of spectral features between ∼5200−6500 Å; weaker spec-
tral lines than other SNe IIP during the plateau phase; expansion
velocities that are lower than expected given its absolute plateau
brightness. In this section we consider two scenarios that may
explain some of these peculiarities.
5.1. CSM interaction
The first possibility we consider is interaction between the ejecta
and CSM. The presence of CSM in close proximity to the pro-
genitor at the time of explosion could simultaneously explain
the presence of the high ionisation features in the pre-maximum
spectrum and the early-time excess in the bluest spectral regions,
caused by the conversion of kinetic to thermal energy. This boost
of thermal energy could then cause the temperature to remain
higher for a longer time, leading to the peculiar ionisation evolu-
tion of the ejecta during the photospheric phase. Furthermore,
the weakness of spectral features could be attributed to veil-
ing as a result of the additional continuum generated from the
ejecta-CSM interaction. That LSQ13fn is too bright for its cor-
responding velocity could then be explained by a combination
of the ejecta being slowed down by the CSM, while its bright-
ness would be enhanced by the additional flux generated from
the interaction.
Although this scenario may seem appealing at first sight,
there are a number of discrepancies that arise upon further
scrutiny. In order to explain the deviation from the velocity-
luminosity relation, a boost of ∼1.5−2 mag coming from the
ejecta-CSM interaction would be necessary. Furthermore a CSM
mass comparable to the ejecta mass would be required to slow
the ejecta and satisfy momentum conservation, which is pre-
dicted by hydrodynamical and radiative transfer models to be
& 5−10 M for typical SNe IIP (e.g. Kasen & Woosley 2009;
Bersten et al. 2011; Dessart et al. 2013). However, at no point
in its evolution do we see narrow lines in the spectra indicative
of dense material. This statement holds even after accounting
for the modest spectral resolution of our data (Fig. 5b). One may
then be tempted to invoke CSM material of somewhat lower den-
sity (say, . 107cm−3) which would preclude the formation of
narrow lines, while still providing an additional source of con-
tinuum through continued interaction with the ejecta. For such a
scenario, a finely-tuned combination of CSM mass and velocity
would be required to slow the ejecta velocities to the observed
values, and would almost certainly not maintain the plateau-
shaped light curves that are observed, and commensurate with
the garden variety of SNe IIP (Fig. 3).
In order to test the idea that the weak spectral features are
due to an additional source of continuum radiation, we added
a blackbody to a spectrum of SN 2005cs tweaking the cho-
sen temperature such that the Hα line strength roughly matched
that of LSQ13fn, which was found to be the case at 7000 K.
This procedure crudely reproduced the broad overall shape of
the 58 d LSQ13fn spectrum. However, the features between
5200−6500 Å (i.e. Na i, Ba ii, Sc ii) were still clearly visible,
while the features blueward of ∼4500 Å were now even weaker
than those of LSQ13fn. Higher temperatures would make an al-
ready blue spectrum bluer still, while lower temperatures would
result in lines that are too strong c.f. LSQ13fn. We also note
that all other SNe shown in Fig. 6a show spectral features in
the 5200−6500 Å region that are comparable in strength to the
metal lines at wavelengths bluer than . 5200 Å. However, in
LSQ13fn, we clearly detect lines blueward of 5200 Å but find
the 5200−6500 Å region to be virtually devoid of spectral fea-
tures. Thus explaining the strength of all the features of the spec-
tra as due to veiling from ejecta-CSM interaction would imply
preferential suppression of spectral lines in adjacent wavelength
regions, which is unphysical.
Therefore we deem that ejecta-CSM interaction was signifi-
cant at the earliest epochs, and that the CSM was rapidly overrun
by the ejecta. However the conversion of kinetic to thermal en-
ergy from the early interaction appears to be able to only partly
explain evolution of the spectra and the discrepancy between the
luminosity and expansion velocity, which leads us to consider an
alternative scenario.
5.2. Low metallicity
An alternative explanation for the aforementioned peculiarities
of LSQ13fn and their evolution in the post-24.4 d spectra is that
the SN ejecta were metal poor. The lack of metal lines detected
between 5200−6500 Å and their overall weakness may be in-
dicative of a low metal abundance. In addition, the spectra of
SNe are very sensitive to the composition of the photosphere
in the ultraviolet - and by extension the blue part of the optical
range - due to line blanketing by metals. The persistent blueness
of the LSQ13fn spectra (Fig. 6b) suggests that it is less affected
by line blanketing compared to the other SNe IIP. However, low
metallicity alone cannot account for the slow expansion veloci-
ties and luminous plateau. We therefore suggest that a combina-
tion of early-time CSM interaction and low metallicity in the SN
ejecta can explain the majority of the peculiarities in LSQ13fn.
In the following section, we explore this idea further by com-
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Fig. 9: Panel (a): Comparison of the spectra of LSQ13fn with the models of Dessart et al. (2013) of various metallicity. Note that the
epochs of the models refer to the number of days after explosion, whereas the epochs of LSQ13fn refer to the number of days after
peak magnitude in the rest frame of the SN. Panel (b): Comparison of the spectra of LSQ13fn with a time-sequence of the lowest
metallicity model of Dessart et al. (2013). The left-hand inset shows a zoom-in of the region of Fe ii λλ5018, 5169. The dashed red
lines indicate the rest wavelengths of the two lines. The dashed black and blue lines (for LSQ13fn and the models respectively) and
the shaded regions are designed to guide the eye to the absorption minima caused by the two Fe ii lines. The right-hand inset shows
a zoom-in of the region encompassing Sc ii λλ5526, 5669 and Na i D.
paring the spectra of LSQ13fn with synthetic spectra of SNe IIP
generated for a range of metallicities.
As discussed in §2.1, the metallicity of the host galaxy,
measured at projected distances of ∼6.4 kpc from LSQ13fn
and ∼4.9 kpc from the galaxy nucleus, was estimated to be
12 + log(O/H) = 8.6 ± 0.2. Given the type SA10 morphology
of the host galaxy (Fig. 1), it is not surprising to find a value
for the metallicity that is close to solar11. Considering the ra-
dially decreasing metallicity gradients of galaxies (e.g., Henry
& Worthey 1999) one would expect a lower metallicity at the
location of LSQ13fn, although it is worth noting that in the ma-
jority of galaxies the metallicity gradient appears to flatten to-
wards the outskirts (Sánchez et al. 2014). Indeed the literature
abounds with studies that emphasize the discrepancies between
the host central regions and SN site metallicities (e.g. Modjaz
et al. 2011). All of the above notwithstanding, the progenitor
metallicity itself is likely to be the dominant factor insofar as
metallicity effects play a role in SN spectra, so we investigate
this further in the next section.
6. Comparison with synthetic spectra
In this section we investigate the possibility that the ejecta of
LSQ13fn was metal-poor, based on the evidence discussed in
§5, by comparing with synthetic spectra generated from radia-
10 a rough classification based on our images.
11 We considered the possibility of a faint and possibly diffuse compan-
ion galaxy at the same redshift. Our limits based on template images
and are given in §2.2, but deeper imaging would be required.
tive transfer models of SNe IIP and their progenitors. We also
investigate the effects of the choice of initial radius.
Dessart et al. (2013) and Dessart et al. (2014) (hereafter D13
and D14, respectively) presented a grid of models to investigate
the effects on SN IIP light curves and spectra as a function of
various progenitor parameters. The models of interest here fol-
low the evolution of main-sequence stars of initial mass 15 M
and a variety of initial metallicities, while all other initial param-
eters are kept constant. The evolution of the stars are computed
consistently with a stellar evolution code, and therefore the ini-
tial metallicity influences the nuclear burning in a complex way,
along with the opacity and mass-loss. Consequently, although
the models initially only differ by metallicity, they result in SN
progenitors which differ by mass, radius, and envelope compo-
sition, reflecting the initial choices in metallicity.
D14 specifically focuses on the observable effects of varying
the metallicity in the 0.1 − 2Z range during the photospheric
phase as this material is only weakly affected by nuclear burning
for elements more massive than O . Therefore, the intermediate-
mass and Fe -group elements observed in the SN spectra during
this phase approximately reflect the composition of the material
from which the progenitor star was formed. They found that the
line strengths of lines such as O i λ7774, Na i D, the Ca ii triplet
and Fe ii to be particularly strongly correlated by variations in
the metallicity.
In Fig. 9a we compare the spectra of LSQ13fn with the mod-
els of varying metallicity presented in D13. We stress that the
models are not tailored to parameters that are necessarily appro-
priate for LSQ13fn. Nevertheless, we find that LSQ13fn bears
the greatest resemblance to the lowest metallicity model of D13
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Fig. 10: Measurements of the pEW of the Fe ii λ5018 line in
the spectra of LSQ13fn and comparison SNe IIP. The thick grey
lines show measurements from the model spectra of Dessart
et al. (2014). The epochs of the model spectra, originally refer-
ring to the number of days after explosion, have been shifted
to the number of days after maximum light assuming a rise
time of 7 d (see §4.4 for a justification of this choice). We note
that oxygen abundance of nearby H ii regions have previously
been measured for the comparison SNe shown in the figure:
12 + log(O/H) ∼ 8.6, 8.3, and 8.66 for SN 1999em (Smartt
et al. 2009), SN 2004et (Smartt et al. 2009), and SN 2009bw
(Inserra et al. 2012) respectively. Assuming a Solar abundance
of 12 + log(O/H) = 8.69 (Asplund et al. 2009), these corre-
spond to approximately 0.8 Z, 0.4 Z, and 0.9 Z respectively
for SN 1999em, SN 2004et, and SN 2009bw.
(m15z2m3, with 0.1Z), which we show a time series of in Fig.
9b. At 50.7 and 67.5 d, the m15z2m3 model shows very weak
lines between ∼5200-6500 Å, just as in LSQ13fn. The Fe ii and
Sc ii lines are weak, as shown in the insets of Fig. 9b. Between
∼4000−5000 Å the lowest metallicity model shows features that
are stronger; however, the correspondence between the features
present e.g. comparing the 90 d observed spectrum and the 89 d
model is reassuring. As expected, the model also does not show
as large an amount of line blanketing as the higher metallicity
models. Although the overall shape of the SED is very similar to
the spectrum of LSQ13fn, we note that at wavelengths .4000 Å
the model has less flux than LSQ13fn. By ∼88.7 d the strength of
the lines in the model, particularly Sc ii λλ5526, 5669, and Na i
have significantly increased in strength. While the Na i line is
detected in the 90.3 d spectrum of LSQ13fn, it is comparatively
very weak, and Sc ii and λλ5526, 5669 are not detected at all.
The Balmer lines are stronger in the models than in the spectra
of LSQ13fn at all epochs. We speculate that perhaps LSQ13fn
evolved more slowly than the model, potentially due to ‘over-
ionisation’ from the residual thermal energy from the early time
CSM interaction, or that even lower metallicity models might be
better matched.
D14 demonstrated how varying the metallicity affects the
model spectra by measuring the equivalent widths (EW) of the
various lines as a function of time. In their Fig. 6, they com-
pare the EW of the Fe ii λ5018 line with the measured pseudo-
EWs (pEW) of a sample of SNe IIP. This reveals a distinct lack
of observed SNe IIP with very metal-poor progenitors, with no
SNe in their sample consistent with having a metallicity of less
than 0.4Z. We measured the pEWs of the Fe ii λ5018 line in
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Fig. 11: Comparison of the 58.3 d spectrum LSQ13fn with three
models of Dessart et al. (2013) which have varying radii but oth-
erwise approximately identical initial conditions. Note that the
epochs of the models refer to the number of days after explosion,
whereas the epochs of LSQ13fn refer to the number of days af-
ter peak magnitude. The spectrum LSQ13fn is shown in bold to
highlight it over the other spectra.
the spectra of LSQ13fn, along with SN 1999em, SN 2004et,
and SN 2009bw for comparison. We also measured the pEWs
of the model spectra in an identical manner as in D14. These
measurements are shown in Fig. 10 as a function of epoch, and
it is again immediately clear that LSQ13fn is most consistent
with the most metal-poor model (m15z2m3). We note that for
SN 2004et and SN 2009bw, the environmental oxygen abun-
dances inferred from relatively local H ii regions are broadly con-
sistent with the results shown in Fig. 10; for SN 1999em, the H ii
region metallicity is lower than implied by Fig. 10, but neither
should be taken literally; we remind the reader that although the
synthetic pEWs have been measured from models with a spe-
cific set of input parameters, the general agreement with the three
SNe is interesting, and future studies incorporating larger num-
bers of SNe should reveal just how tight the correlation between
environmental and SN diagnostics of metallicity really is (e.g.
Anderson et al. 2015).
In addition to a range of initial metallicities, D13 also pre-
sented a grid of models that have approximately the same initial
conditions with the exception of the radius. In Fig. 11 we com-
pare the 58.3 d spectrum of LSQ13fn with three models of var-
ied initial radius. The flux scale has been matched at the wave-
length of Hα, in the same way as in Fig. 6b. The continuum of
the model spectrum with the largest radius (m15mlt1, R = 1107
R) matches best with LSQ13fn, in that it appears to have less
suppression of flux in the blue part of the spectrum. There is a
trend of increasing suppression in the blue with decreasing ra-
dius.
D13 discuss the effects of varying progenitor radius on the
light curves and spectra of SNe IIP: models with larger radii pro-
duce SNe with brighter plateau luminosities and hotter spectra
during the recombination phase due to reduced cooling from ex-
pansion. These properties appear to be in agreement with those
of LSQ13fn; the plateau is relatively luminous, and the tempera-
ture is higher (i.e. more blue) compared to typical SNe IIP (Fig.
6b). D14 also note that both the increase of the strength of metal
lines and the onset of line blanketing occurs later for models
with larger radii, and we have already shown that the evolution
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of LSQ13fn appears to be somewhat slower than the m15z2m3
model (R = 524R).
The comparison of the spectra with synthetic spectra seems
to imply that LSQ13fn lies in a parameter space simultaneously
favouring both a low metallicity and a large radius. In com-
bination these may plausibly explain the weakness of the Fe ii
lines, the lack of lines in the range ∼5200-6500 Å and suppres-
sion of flux in the blue by metal line blanketing, and the bright
plateau luminosity. However, as discussed in D14, a red super-
giant progenitor at low metallicity will result in a smaller radius,
all else being equal. A more compact star should lead to a fainter
plateau, which is in disagreement with LSQ13fn. The influence
of variations in metallicity and radius is complex and difficult to
disentangle in this case.
7. Discussion and conclusions
Our data show that while LSQ13fn is consistent with being clas-
sified as a SN IIP, there are several remarkable peculiarities that
required us to invoke a number of additional effects that are at
play. Natural variations in red supergiant progenitors, and their
resulting explosions as SNe IIP, are primarily the progenitor ra-
dius, the mass of the hydrogen envelope (i.e. the ejecta mass),
and the kinetic energy of the explosion. These parameters can be
varied in a continuous manner to account for the majority of di-
versity in luminosity and colour observed in typical SNe IIP, but
are insufficient to fully explain the peculiar features of LSQ13fn
such as the discrepancy from the velocity-luminosity correlation
(Fig. 8).
Based on our earliest spectra we considered the possibil-
ity that ejecta-CSM interaction was responsible for exciting
the high-ionisation emission features of He ii, N iii, and C iii in
the pre-maximum spectrum. Although the light curve and post-
24.4 d spectra are reminiscent of SNe IIP and no strong evidence
for ongoing significant CSM interaction is seen, residual ther-
mal energy from the early interaction may go some way to ex-
plain the blue colours, high luminosity, slow velocities, and weak
lines via veiling. However the lack of metal lines detected in the
wavelength range of ∼5200-6500 Å, in particular, show that in-
teraction can only partly explain the peculiarities.
The comparison with off-the-shelf radiative transfer models
pointed towards a combination of low metallicity and large ra-
dius, but this combination of parameters needs to be explored
further. At low initial metallicity, the opacity and mass-loss are
lower, in turn leading to a more compact progenitor and conse-
quently a SN with a fainter plateau luminosity (D13). However,
there are a number of ways that the progenitor radius may be in-
creased beyond what is expected from metallicity alone, such as
a high He-core luminosity, rapid initial rotation, higher progen-
itor mass, or maybe even tidal effects due to binary interaction.
The low metallicity is supported by the pEW measurements of
the Fe ii λ5018 line (Fig. 10) but one must bear in mind that the
weakness of the lines could be partly explained by veiling. It
seems evident that the quasi-simultaneous contribution of inter-
action, metallicity, and progenitor radius are all at play in defin-
ing the observed properties of LSQ13fn. The diversity in SNe IIP
is further highlighted by our analysis of LSQ13fn which forces
us into previously unexplored regions of parameter space.
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Table A.1: Optical UBVRI photometry of LSQ13fn. Uncertainties are given in parentheses. The magnitudes have not been corrected
for reddening.
Date MJD Epoch* U B V R I Telescope
yyyy mm dd
2012 12 23 56284.3 −20.6 . . . . . . >21.95 . . . . . . LSQ
2013 01 10 56302.2 −3.8 . . . . . . 20.35 (0.22) . . . . . . LSQ
2013 01 12 56304.2 −1.9 . . . . . . 19.65 (0.20) . . . . . . LSQ
2013 01 13 56305.3 −0.8 18.59 (0.06) 19.63 (0.05) 19.75 (0.06) 19.72 (0.06) . . . NTT
2013 01 14 56306.2 0.0 . . . . . . 19.48 (0.18) . . . . . . LSQ
2013 01 16 56308.3 1.9 . . . . . . 19.55 (0.22) . . . . . . LSQ
2013 01 20 56312.3 5.7 18.63 (0.11) 19.64 (0.06) 19.55 (0.05) 19.47 (0.05) . . . NTT
2013 01 22 56314.3 7.6 18.90 (0.08) 19.62 (0.07) 19.63 (0.07) 19.61 (0.07) . . . NTT
2013 01 30 56322.3 15.1 19.23 (0.08) 19.91 (0.05) 19.74 (0.06) 19.62 (0.06) . . . NTT
2013 02 09 56332.2 24.4 . . . . . . 19.70 (0.08) . . . . . . NTT
2013 02 11 56334.2 26.3 . . . 20.22 (0.05) 19.91 (0.05) 19.78 (0.05) 19.59 (0.08) SMARTS
2013 02 14 56337.2 29.2 . . . 20.26 (0.05) 20.00 (0.04) 19.75 (0.04) 19.55 (0.20) SMARTS
2013 02 17 56340.3 32.0 . . . 20.35 (0.05) 20.00 (0.04) 19.74 (0.05) 19.57 (0.06) SMARTS
2013 02 21 56344.2 35.7 . . . 20.36 (0.07) 19.98 (0.09) 19.69 (0.07) 19.44 (0.11) SMARTS
2013 03 03 56354.1 45.0 . . . . . . . . . 19.55 (0.10) . . . NTT
2013 03 06 56357.2 48.0 . . . 20.45 (0.17) 20.13 (0.17) 19.82 (0.10) . . . SMARTS
2013 03 09 56360.2 50.8 . . . 20.73 (0.05) 20.06 (0.08) 19.78 (0.09) 19.73 (0.19) SMARTS
2013 03 12 56363.2 53.7 . . . 20.76 (0.07) 20.19 (0.06) 19.85 (0.09) 19.65 (0.10) SMARTS
2013 03 13 56364.3 54.6 . . . . . . 20.03 (0.10) . . . . . . NTT
2013 03 16 56367.3 57.4 . . . 21.07 (0.10) 20.16 (0.09) 19.77 (0.05) 19.51 (0.12) SMARTS
2013 03 17 56368.2 58.3 . . . . . . 20.18 (0.06) . . . . . . NTT
2013 03 20 56371.3 61.2 . . . 21.05 (0.09) 20.19 (0.05) 19.92 (0.05) 19.58 (0.10) SMARTS
2013 03 24 56375.2 64.9 . . . 21.34 (0.14) 20.21 (0.14) 19.92 (0.09) 19.70 (0.10) SMARTS
2013 03 31 56382.0 71.3 . . . 21.31 (0.23) 20.30 (0.27) . . . . . . LT
2013 04 02 56384.1 73.3 . . . . . . 20.25 (0.10) 19.94 (0.09) . . . SMARTS
2013 04 05 56387.2 76.2 . . . . . . 20.31 (0.08) . . . . . . NTT
2013 04 14 56396.1 84.5 . . . 21.63 (0.11) 20.54 (0.08) 20.17 (0.05) . . . NTT
2013 04 15 56397.0 85.4 . . . 21.94 (0.24) 20.48 (0.12) . . . . . . LT
2013 04 20 56402.2 90.3 . . . . . . 20.79 (0.12) . . . . . . NTT
2013 12 29 56655.3 328.4 . . . . . . . . . 25.0† . . . VLT
Notes. *Epoch in days relative to the date of maximum brightness (MJD 56306.21) in the rest frame of the SN. †Synthetic magnitude determined
from spectrum (see Table A.5).
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Table A.2: Optical griz photometry of LSQ13fn. Uncertainties are given in parentheses. The magnitudes have not been corrected
for reddening.
Date MJD Epoch* g r i z Telescope
yyyy mm dd
2013 01 13 56305.3 −0.8 . . . . . . 19.78 (0.05) . . . NTT
2013 01 20 56312.3 5.7 . . . . . . 19.43 (0.08) . . . NTT
2013 01 22 56314.3 7.6 . . . . . . 19.56 (0.07) . . . NTT
2013 01 25 56317.2 10.3 19.78 (0.14) 19.48 (0.08) 19.46 (0.10) 19.53 (0.22) LT
2013 01 26 56318.1 11.2 19.97 (0.27) 19.33 (0.13) 19.44 (0.13) 19.44 (0.34) LT
2013 01 30 56322.1 15.0 19.87 (0.36) 19.43 (0.27) 19.47 (0.17) . . . LT
2013 01 30 56322.3 15.1 . . . . . . 19.60 (0.07) . . . NTT
2013 02 08 56331.1 23.4 20.08 (0.13) 19.60 (0.08) 19.56 (0.09) . . . LT
2013 02 21 56344.1 35.7 20.30 (0.29) 19.59 (0.12) 19.41 (0.26) . . . LT
2013 02 23 56346.1 37.5 . . . 19.75 (0.15) 19.53 (0.14) . . . LT
2013 03 11 56362.0 52.5 20.43 (0.16) 19.87 (0.09) 19.65 (0.08) 19.49 (0.23) LT
2013 03 18 56369.0 59.0 20.52 (0.13) 19.60 (0.09) . . . . . . LT
2013 03 21 56372.1 62.0 20.53 (0.17) 19.64 (0.30) . . . . . . LT
2013 03 25 56376.0 65.6 20.57 (0.34) 19.70 (0.12) 19.60 (0.06) 19.74 (0.22) LT
2013 03 29 56380.1 69.5 . . . 19.95 (0.19) 19.79 (0.18) . . . LT
2013 03 31 56382.0 71.3 20.68 (0.28) 19.82 (0.14) 19.60 (0.26) . . . LT
2013 04 14 56396.1 84.5 . . . . . . 19.75 (0.08) . . . NTT
2013 04 15 56397.0 85.4 21.23 (0.18) 20.04 (0.07) 19.62 (0.10) 19.80 (0.25) LT
2013 04 28 56409.9 97.6 . . . 20.25 (0.08) . . . . . . LT
2013 05 04 56415.9 103.2 . . . 20.32 (0.06) 19.85 (0.10) . . . LT
2013 05 23 56434.9 121.1 . . . >21.35 >22.00 . . . LT
2013 05 24 56435.9 122.0 . . . >22.18 . . . . . . LT
Notes. *Epoch relative to the date of maximum brightness (MJD 56306.21) in the rest frame of the SN.
Table A.3: Local UBVRI sequence stars use to calibrate LSQ13fn photometry. Uncertainties are given in parentheses.
# RA Dec U B V R I
1 11:51:17.775 −29:34:54.09 18.93 (0.04) 19.14 (0.01) 18.11 (0.01) 17.20 (0.01) 16.10 (0.02)
2 11:51:21.373 −29:35:17.58 15.31 (0.06) 15.24 (0.01) 14.58 (0.01) 14.18 (0.01) 13.81 (0.02)
3 11:51:22.206 −29:35:25.91 18.60 (0.06) 18.46 (0.02) 17.69 (0.01) 17.20 (0.00) 16.72 (0.01)
4 11:51:10.039 −29:35:06.90 19.18 (0.06) 19.25 (0.02) 18.57 (0.02) 18.13 (0.01) 17.66 (0.01)
5 11:51:21.139 −29:36:38.81 20.53 (0.06) 19.47 (0.01) 18.01 (0.01) 17.06 (0.00) 16.07 (0.01)
6 11:51:25.397 −29:37:43.70 19.95 (0.05) 18.90 (0.00) 17.45 (0.02) 16.51 (0.02) 15.47 (0.01)
7 11:51:24.406 −29:37:59.94 18.39 (0.05) 18.48 (0.01) 18.08 (0.01) 17.80 (0.01) 17.44 (0.02)
8 11:51:21.321 −29:37:53.01 18.96 (0.08) 17.72 (0.02) 16.52 (0.02) 15.76 (0.01) 15.06 (0.02)
9 11:51:21.954 −29:38:12.99 17.73 (0.06) 17.36 (0.01) 16.62 (0.01) 16.21 (0.01) 15.77 (0.01)
Table A.4: Local griz sequence stars use to calibrate LSQ13fn photometry. Uncertainties are given in parentheses.
# RA Dec g r i z
1 11:51:17.775 −29:34:54.09 18.64 (0.04) 17.26 (0.04) 16.29 (0.03) 15.61 (0.04)
2 11:51:21.373 −29:35:17.58 14.86 (0.03) 14.16 (0.02) 13.91 (0.02) 13.78 (0.02)
3 11:51:22.206 −29:35:25.91 18.08 (0.02) 17.17 (0.03) 16.83 (0.02) 16.60 (0.03)
4 11:51:10.039 −29:35:06.90 18.83 (0.04) 18.05 (0.03) 17.78 (0.04) 17.68 (0.03)
5 11:51:21.139 −29:36:38.81 18.74 (0.04) 17.09 (0.03) 16.27 (0.02) 15.65 (0.03)
6 11:51:25.397 −29:37:43.70 18.16 (0.04) 16.55 (0.04) 15.68 (0.03) 15.06 (0.03)
7 11:51:24.406 −29:37:59.94 18.28 (0.03) 17.71 (0.04) 17.55 (0.04) 17.39 (0.05)
8 11:51:21.321 −29:37:53.01 17.13 (0.04) 15.75 (0.03) 15.20 (0.03) 14.79 (0.03)
9 11:51:21.954 −29:38:12.99 16.96 (0.04) 16.16 (0.03) 15.85 (0.03) 15.67 (0.01)
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Table A.5: Log of the spectroscopic observations of LSQ13fn
Date MJD Epoch* Telescope + intstrument Wavelength range Exposure time Slit width Resolution†
yyyy mm dd (Å) (s) (") (Å)
2013 01 13 56305.3 −0.9 NTT+EFOSC2+gr13 3650−9250 1×2400 1.0 17.7
2013 01 20 56312.3 5.7 NTT+EFOSC2+gr11 3350−7460 1×3600 1.0 14.3
2013 01 22 56314.2 7.6 NTT+EFOSC2+gr11 3350−7460 2×2400 + 1×1800 1.0 13.9
2013 01 30 56322.3 15.1 NTT+EFOSC2+gr11 3380−7520 2×2400 1.0 14.4
2013 02 09 56332.2 24.4 NTT+EFOSC2+gr11 3350−7460 3×2220 1.0 14.4
2013 03 03 56354.1 45.0 NTT+EFOSC2+gr13,16 3650−10000 2×1800, 2×1800 1.0 18.6, 13.0
2013 03 13 56364.3 54.6 NTT+EFOSC2+gr11,16 3350−10000 2×2400, 2×2400 1.0 14.1, 13.8
2013 03 17 56368.2 58.3 NTT+EFOSC2+gr11,16 3350−10000 2×2400, 2×2400 1.0 14.0, 13.2
2013 03 30 56382.0 71.3 WHT+ISIS+R300B,R158R 3250−10000 2×1800, 2×1800 1.0 4.5, 6.0
2013 04 05 56387.2 76.2 NTT+EFOSC2+gr13 3650−9250 3×2700 1.0 19.0
2013 04 20 56402.2 90.3 NTT+EFOSC2+gr13 3650−9250 3×2400 1.0 19.0
2013 12 29 56655.3 328.4 VLT+FORS2+300V 4350−9600 2×1100 1.0 8.2
Notes. *Epoch relative to the date of maximum brightness (MJD 56306.21) in the rest frame of the SN. †Resolution, as measured from the FWHM
of the sky lines. Note that the NTT spectra at 5.7 d and 15.1 d are not presented in Fig. 4 as they were taken in poor conditions and the supernova
signal is weak.
Table A.6: Properties and references of SNe referred to in this paper.
SN SN type vhel µ E(B − V) Reference
(km s−1) (mag) (mag)
LSQ13fn II 18900 37.10 0.054
1998S IIL/IIn 895* 31.18 0.230 1, 2, 3
1999br IIP 960* 31.19 0.024 4
1999em IIP 717* 30.34 0.100 5, 6, 7
2004et IIP 40* 28.85 0.410 8, 9
2005cs IIP 600* 29.26 0.050 10
2007pk IIL/IIP/IIn 4993* 34.23 0.110 11, 12
2009bw IIP 1155* 31.53 0.310 13
2010al† Ibn 5143* 34.27 0.057 14
2013cu† IIb 7565* 35.17 0.011 17
Notes. *Taken from NASA/IPAC Extragalactic Database (NED). †Spectra downloaded from Weizmann Interactive Supernova Data Repository
(WISeREP; Yaron & Gal-Yam 2012; http://www.weizmann.ac.il/astrophysics/wiserep/). 1) Liu et al. (2000); 2) Baron et al. (2000);
3) Fassia et al. (2001); 4) Pastorello et al. (2004); 5) Hamuy et al. (2001); 6) Elmhamdi et al. (2003); 7) Leonard et al. (2003); 8) Sahu et al. (2006);
9) Maguire et al. (2010); 10) Pastorello et al. (2009); 11) Pritchard et al. (2012); 12) Inserra et al. (2013); 13) Inserra et al. (2012); 14) Pastorello
et al. (2015); 16) Gal-Yam et al. (2014).
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